The importance of pyrochemistry is being increasingly acknowledged and becomes unavoidable in the nuclear field. Molten salts may be used for fuel processing and spent fuel recycling, for heat transfer, as a homogeneous fuel and as a breeder material in fusion systems. Fluorides that are stable at high temperature and under high neutron flux are especially promising. Analysis of several field cases reveals that corrosion in molten fluorides is essentially due to the oxidation of metals by uranium fluoride and/or oxidizing impurities. The thermodynamics of this process are discussed with an emphasis on understanding the mass transfer in the systems, selecting appropriate metallic materials and designing effective purification methods. 
If molten salts are already industrially used in the front-end nuclear fuel cycle or considered for alternative nuclear spent fuel recycling in the back-end fuel cycle, then the material development and the corrosion studies are essentially performed within the frame of the development of future nuclear reactors: Molten Salt Reactors (MSR), Advanced High Temperature Reactors (AHTR) and Tokamak fusion power plants. For all these cases, the selected molten salt is a fluoride salt mixture. Indeed, the material resistance is a key issue in all applications, but especially so in the case of reactor core use; not only because of the irradiation damage, but also because the operating temperature is determined by the fission reaction and cannot be decreased easily e.g. in case of pit formation. In the other applications the reactor can be cooled more easily.
The purpose of this paper is to give several causes of the chemical corrosion of materials in a fluoride salt and to propose, using a thermodynamical approach, some ways to prevent and control the chemical corrosion.
Description of the material/salt systems
Several fluoride molten salts have been investigated for nuclear applications:
(a) LiF-BeF 2 (66-33mol%) (FLiBe) was extensively studied in the 60s at Oak Ridge National Laboratory (USA) for the development of thermal neutron spectrum molten salt reactor systems (MSRE for Molten Salt Reactor Experiment and MSBR for Molten Salt Breeder Reactor) [12] [13] [14] [15] . In these designs the main in-core material was graphite, and a Ni-based alloy (Hastelloy-N) was used for the out-of-core structures. The problems associated with graphite use are its low life time under irradiation (5 years) 16 , a lack of recycling processes and no waste management.
(b) LiF-BeF 2 salt is also a candidate for blanket coolants in fusion nuclear power plants. Indeed, tritium can be produced by neutronic reaction with lithium [17] [18] [19] and using LiF salt instead of metallic Li (which is highly reactive with water and oxygen) is more secure.
Moreover FLiBe salt has a low tritium solubility and therefore low tritium inventory 18 . Several corrosion studies of structural materials have been performed for this application [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
(c) The AHTR (Advanced High Temperature Reactor) concept is currently studied in the nuclear fission field. This concept includes a solid fuel and a solid core associated with a molten salt as coolant. Due to its high thermal stability (the reactor operating temperature is greater than 900°C), the selected salts for primary and secondary coolants are LiF-BeF 2 (66-34 mol%) and LiF-NaF-KF (46.5-11.5-42 mol%) (FLiNaK) [31] [32] [33] . From a neutronic point of view, the use of LiF-BeF 2 is recommended for the primary coolant. Compared to the American MSRE and MSBR concepts, the MSFR operates with a fast neutronic spectrum. Under these conditions, the operating temperature of the reactor ranges between 650 and 850 °C, possibly higher than in the past American MSR systems. In this design, graphite is replaced by a metallic alloy.
In all these nuclear applications, the chemical resistance to the fluoride salts at high temperature is a key element in the choice of structural material. In the case of applications (b) and (d), the neutronic irradiation resistance must also be considered.
For the AHTR reactor system 33 Concerning fusion applications [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , the material should be chemically compatible with FLiBe, resistant to radiation damage and have inherently low activation to avoid excessive waste management at the end of plant life. No currently available material can meet all these requirements.
From the stand point of corrosion resistance at high temperature, Ni-based alloys are the most resistant structural material to the fluoride salts. That is due to both the high value of the redox system NiF 2 /Ni and the low solubility of NiF 2 in FLiBe salt 39 . Nevertheless, high-nickel alloys are highly sensitive to neutron radiation damage and the activation products are longer-lived radioisotopes. The operating temperature of a fusion plant is lower than 650 °C and the chemical corrosion of steels and other metallic materials which meet low activation criteria may be slow enough at this temperature. Fe and V-based alloys containing Cr have been investigated in various molten salts 20, 21, 27, 29 . 304 and 316 stainless steels were down-selected 17, 18, 24 . Reactions in the fusion blanket lead to formation of tritium (T), for which the oxidation state depends on the melt redox potential: T (+I) F or T 2 (0) .
Many papers describe material development for nuclear reactor applications [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] 46 .
Alloys strengthened by the addition of tungsten, to replace molybdenum, are under development 38, 50 . These alloys boast an increased mechanical resistance at high temperature, as previously Moreover, and as will be observed in the following, tungsten presents a higher chemical resistance against corrosion than molybdenum.
Main causes of chemical corrosion in fluoride molten salts
The chemical corrosion 41, 42, 51 is due to the oxidation of a metal or an alloy in contact with its environment. Fig. 1 presents a schematic of the interface between the reacting element from the structural material and the molten salt medium.
The oxidizing species contained in the initial melt
In a fluoride melt, the main oxidizing impurities are said to be H 2 O (in general this is present in the solid constituents to be fused) and HF (formed in the melt by several reactions):
Hydrolysis reaction during melt fusion:
The hydrolysis temperature (given for a Gibbs energy equal to 0 for Eq. 1) of selected pure salts was calculated from the thermochemical data of pure compounds 52 (Table 1) . Generally, the salt mixture is fused at a lower temperature than the hydrolysis temperature of the pure salt. Therefore, the solvation process increases the metallic fluoride stability and strongly reduces its hydrolysis process (less than 10 ppm for FLiNaK) 29, 30 . 
Dissolution of water
H 2 O(g) is
Melt purification towards oxides
Although oxide ions 53, 54 have no direct influence on the structural material corrosion, because O 2-is not oxidizing towards metals, the elimination of oxides is nevertheless required to prevent the precipitation of metallic oxides (especially UO 2 ). O 2-ions react with an excess of HF according to the reaction:
It was suggested that this purification could be performed by bubbling pure gaseous HF or HF/H 2 mixtures into the salt. Due to its high solubility in the fluoride salts, HF(g) is strongly retained in the salt 55, 56 and is responsible for structural material corrosion as observed in corrosion tests [20] [21] [22] [23] [25] [26] [27] [28] [29] [30] .
Therefore, the use of pure HF(g) is not recommended for salt purification because it will result in the severe corrosion of the structural material. This corrosion could be reduced by using a mixture of HF(g)/H 2 (g), because the presence of H 2 (g) will decrease the redox potential of the salt, and the H 2 (g) can react with the oxidizing impurities of the salt.
Nevertheless, a purification procedure of molten salt with no introduction of pure HF(g) is strongly recommended to prevent corrosion reactions. The fluoride mixture could be dried under high vacuum prior to melting. It was observed that after a vacuum treatment (10 -5 and sulfurs can also be performed by gas mixture bubbling. In this case the HF/H 2 gas composition has to be carefully chosen to prevent an excess of HF and an increase of salt redox potential.
The oxidizing species related to the fission reaction
In the case of MSR, the molten salt chemical composition varies with the fission reaction and therefore with the operating time. In particular, it was assessed that the redox potential of the fuel salt will increase while in service. The fissile element in the MSFR reactor system is 233 U which is present with two oxidation states in the salt, (IV) and (III), as UF 4 and UF 3 respectively. Then, the redox potential of the fuel salt depends on the x(UF 4 )/x(UF 3 ) mole fraction ratio according to the Nernst relation:
where R is the ideal gas constant (J/mol/K), F the Faraday constant (C), T the temperature (K) and E°' the apparent potential of the UF 4 /UF 3 redox system which combines the standard potential of UF 4 /UF 3 and the activity coefficients of UF 4 and UF 3 .
When the fission reactions occur, the fission products are essentially LnF 3 lanthanides (with oxidation state (III)) and gaseous products or noble metals (M) (with oxidation state 0). The result of the fission reactions on the salt chemistry can be schematized by 38 :
When the fission reaction (Eq. 5) occurs, gaseous fluorine is produced.
Fluorine being the most oxidizing species, the salt redox potential increases according to:
Consumption of UF 3 by Eq. 4 and Eq. 6 leads to an increase of the redox potential according to Eq. 3. The fluorine production, and consequently the fuel potential, strongly enhances the corrosion of the structural materials during the reactor's operating time. As it will be shown below, addition of a reducing agent is required to curb the increase of the salt potential and thus to limit corrosion.
Some fission products such as S, Se and Te are also harmful to the metallic structures due to their oxidizing properties; specifically, due to their negative oxidation states ((-I) and (-II)). In particular, corrosion tests have shown that a low concentration of metallic tellurium is strongly corrosive and causes intergranular attacks on Ni-alloys resulting in severe embrittlement 13, 47, 59 ( Fig. 2) 
or Cr x + Te y → Cr x Te y
The tellurium is thought to be responsible for the formation of brittle telluride compounds at the alloy grain boundaries. For low salt potentials, tellurium is produced in a Te(-II) state and combines with metallic salt cations (as oxide ions behave).
Thermal gradient and mass transfer
A main cause of sustained corrosion in MSR is the existence of thermal gradients within the molten fuel salt, which may be responsible for mass transfer 42 . This was experimentally demonstrated by Koger using thermal convection loops; it was observed that adding an oxidizing agent to a molten salt increases the overall corrosion rate 61, 62 .
Fig. 2 Intergranular attack of Ni-based alloy (56.5Ni -21.5Cr -13.7Mo -3.8Fe -3W) by metallic Te in fluoride salt at 700 °C .
The oxidation of Cr (the most reactive metal in structural materials) depends on the salt potential and therefore on the mole fraction ratio x(UF 4 )/x(UF 3 ) (Eq. 3). This can be written according to the equilibrium equation:
The experimental constant K N is defined by:
This constant is calculated from experimental measurements of LiF-BeF 2 molten salt in contact with Hastelloy-N for various ratios of UF 4 /UF 3 . This constant is related to the mole fraction of the compounds, and the activity coefficients are included within the constant. This relation correlates the mole fraction of dissolved chromium x(CrF 2 ) and the salt redox potential (given by the ratio UF 4 /UF 3 ); Grimes 63 assumed that the activity of Cr is equal to its mole fraction in the alloy (x(Cr)=0.083):
The constant K N has been experimentally determined as a function of the temperature 64 :
The variation of the mole fraction of dissolved CrF 2 with temperature has been calculated from Eq. 11 for two different values of salt redox potential (Fig. 3 ). This change in the equilibrium mole faction of dissolved CrF 2 as a function of temperature is the driving force for the mass transfer experimentally 61 observed from hot areas to cold areas in thermal convection loops. Dissolution of chromium occurs in hot parts.
And the formed CrF 2 may be reduced in colder sections. The dissolution of chromium as calculated from Eq. 11 should be negligible for the lower salt potential values (U ratio equals to 10).
It was observed that the redox potential, diffusion coefficients, salt composition hydraulic conditions and operating time all influence the mass transfer process.
Values of K N derived from Grimes' experimental results 63 for nickel, chromium and iron at different temperatures are given in Table 2 . Their analysis indicates that nickel is chemically stable in most fluoride salt and is not affected by oxidation. The constants for iron range between those of chromium and nickel. Therefore, iron could be affected by oxidation under uncontrolled redox conditions. This supports a well known experimental observation: Ni-based alloys are more appropriate from a chemical point of view for use in MSR systems than stainless steels.
Thermodynamical approach to the corrosion
Most of the experimental results 65, 66 and observations can be understood by a thermodynamical approach based on data from pure compounds. Thermodynamical diagrams that give the stability domains of elements under their different forms as a function of potential and oxoacidity (related to the oxide concentration in the salt) have been calculated in fluoride molten salts for the main elements of the structural alloys, Ni, Fe, Cr, Mo and W (Fig. 4) . The calculation procedure, using the thermodynamical data of pure compounds 52 has been described previously 67 . In this paper the approach is described for pure metals. In the case of alloys, the calculations have to be corrected using the activities of each constituent element of the alloy (the activity can be assumed to be equal to the mole fraction for very dilute solutions or in cases where the activity coefficients are unknown). The fluoroacidity of the molten salt, which is given by the amount of free fluoride ions in the salt, has a large influence on the speciation of oxides and metallic fluorides. The fluoroacidity depends on the fluoride salt composition. For instance, in the case of FLiNaK, the fluoride activity is assumed to be equal to 1 because the salt is totally dissociated and In Fig. 4 , the colored symbols indicate the potential/acidity set by a given gaseous mixture. These were found by considering the following equations:
Fig. 3 Variation of the logarithm of the mole fraction of CrF 2 in the fuel salt as a function of temperature for various ratios x(UF 4 )/x(UF 3 ).
A mixture of two gasses forms a straight line (vertical, horizontal or oblique) (green lines in Fig. 4) . A mixture of three gasses gives a single point; both potential and acidity are fixed. This shows that a strict control of the chemical conditions in the salt, and thus of the reactions between salt and metals, can only be achieved through use of three gasses (the composition is given by the red points in Fig. 4) .
A high HF pressure helps increase the potential and the oxoacidity:
less oxide but highly oxidative conditions. As it was already experimentally observed, stability diagrams show that purification by pure HF may lead to metal oxidation.
As can be observed in the calculated diagrams, the potential can be controlled in two ways. The first way is using a reductant to manage a 
66).(pa(Li 2 O) = -log (a(Li 2 O)). The equations used for the calculation of gas mixtures (green curves and red symbols) are: pa(Li 2 O) = logK (H 2 O/HF) -2log a(LiF)-logP(H 2 O)+2logP(HF) (from Eq. 13); E (HF/H 2 ) = E°' + (2.3RT/2F) log(P(HF) 2 /P(H 2 )) (from Eq. 14); E H 2 O/H 2 = E°' + (2.3RT/2F) log (P(H 2 O)a(LiF) 2 /P(H 2 )) + 2.3RT/2F pa(Li 2 O) (from Eq. 15).

The yellow domain is calculated from Eq. 3 for U(IV)/U(III) ratios varying between 10 and 100."
soluble/soluble redox system as is proposed in the case of the molten salt reactor: the use of metallic Be [22] [23] [24] [25] [26] [27] [28] 43, 47 is recommended for MSRE and MSBR concepts and also in fusion concepts to reduce impurities or fission products produced during the neutronic reactions. In the case of MSFR concept, metallic Th is recommended 38 . The second way is the gas mixture: as it is shown on the diagrams, a given gas composition fixes the redox potential and the oxoacidity of the salt.
To control the salt potential in AHTR systems, a gas mixture could be envisaged.
Corrosion prevention
Material coatings have been proposed to prevent corrosion of structural materials 42 . These protecting layers can be realized by chemical 68, 69 or electrochemical processes. Electrodeposition in molten salts is recommended for refractory metals (Nb, Ta) [70] [71] [72] [73] . Nevertheless, the coating requirements are adherence, homogeneity and good coverage to bring a strong protection to structural material. Only small fissures could induce corrosion of the main material.
Salt chemistry also has to comply with given specifications (especially in terms of solubility for fissile elements and fission products), but control of the oxidation potential of the salt seems to be achievable. It is a challenge to measure the melt potential within molten fluoride salts, and hence to be able to anticipate an increase of the redox potential.
Reference electrodes have been proposed, generally based on the reference redox system, NiF 2 /Ni 74, 75 . Russian researchers have developed an innovated system using a dynamic reference electrode 76 .
A unique method to protect the structural material was investigated in the 1980s. The device or facility walls were cooled down to allow for the formation of a frozen salt layer on the wall surface. The dissolution reactions are then strongly decreased. Corrosion tests performed in
FLiBe have shown that the method results in a corrosion rate of lower than 0.5 μm/year 41, 77, 78 . However, this technique is not feasible for an energy conversion system.
Corrosion investigation techniques
The corrosion is often investigated by specimen immersion for various times in various conditions and analyzed afterward. Some electrochemical techniques have been developed to study the corrosion in-situ such as the impedance spectroscopy or the Tafel evolution analysis. The difficulty associated with these methods is that it is necessary to apply a potential to the metallic specimen and therefore to induce a corrosion via an electrochemical process.
An innovative technique such as Scanning Electrochemical
Microscopy is under development by our team to describe the corrosion mechanism of metallic alloys in a molten salt in controlled conditions of potential, oxoacidity and atmosphere. The technique is based on the use of a microprobe electrode (Fig. 5 ) which is introduced into the diffusion layer of the metallic specimen in contact with the melt. The electrochemical measurements allow analysis of the elements dissolved in the diffusion layer at very low concentrations.
This technique also enables the observation of the surface of the specimen and especially the formation of passivating layers. This method has two main advantages:
• There are no direct electrochemical measurements of the specimen (no forced oxidation).
• This method is an in-situ method. Therefore it is possible to modify one experimental parameter and directly and immediately observe its effect on the corrosion mechanism.
Even if this method has already been applied for corrosion studies in aqueous solution 80,81 , its development for corrosion investigations in molten salt media is a major technical challenge.
Conclusion
Thermodynamical calculations based on pure compounds can help to understand some of the reactions involved in the corrosion of structural materials in MSR systems and other applications. The dissolution of metallic elements is due to oxidative processes in the molten salt which contains oxidizing impurities and/or uranium fluoride. Corrosion may be mitigated by both selecting an appropriate material and controlling the salt chemistry. However, it is important to bear in mind that the choice of a structural material is not solely driven by its environmental compatibility, and that other properties have to be considered, such as the mechanical properties at high temperature, resistance under irradiation, forming ability, etc.
One issue regarding corrosion in nuclear applications using molten salts, and particularly molten salt nuclear reactors, is the evolution of the salt composition during operation: production of HF (by an uncontrolled purification process, hydrolysis reactions or water trace dissolution), production of highly corrosive fluorine and corrosive fission products (by fission reaction), and mass transfer (dissolution/ deposition structural material processes) due to in-reactor's thermal gradients. The interface material/salt cannot be considered as a static interface, but must be recognized as dynamic, and so the kinetics of the interfacial processes must be carefully investigated. This should help provide specifications for an internal and continuous control of the redox potential to mitigate corrosion.
